The analytical models to study the behaviour of unidirectional (UD) composites under compressive loading along the ®bre direction are either based on microbuckling or kinking of ®bres. In reality both of these mechanisms are together responsible for the failure with kinking following the microbuckling of ®bres. The present work evaluates and compares some of the existing models proposed for predicting the compressive strength of UD composites along the ®bre direction. It is an attempt to evaluate analytical models that can be used for the design purposes with a greater degree of con®dence, and are easy to use and computationally simple.
Introduction
Compressive loads are inherently present in many structural systems either directly or indirectly. Understanding the behaviour of materials/structures under compressive loading is essential for eective structural design. This is because, the failure mechanism is controlled by compressive stresses in most cases. Another phenomenon in conjunction with compression loading is buckling. Buckling may be at a global or local level. In either case it severely limits the structural eciency of the system and leads to under-utilisation of the true material properties. It also makes the structure highly sensitive to imperfections. In Fibre Reinforced Plastic (FRP) composites, microbuckling of ®bres may lead to compressive failure of the composite materials/structures. In composites, failure under compressive loading may be de®ned as failure of the material without the specimen buckling or any other global defects triggering the mechanism. In many structural applications, compressive stresses may be generated in a structural element either due to direct compressive loading and/or due to bending or impact loading. Further, the compressive strength is generally lower than the tensile strength. Thus failure may initiate due to compressive stresses.
Compressive strength is dicult to predict and measure. Open literature suggests theoretical work on compressive behaviour of unidirectional (UD) composites dating back to 1965 when Rosen [1] predicted the UD composites compressive strength. Camponeschi [2] and Schultheisz and Waas [3, 4] have presented exhaustive reviews of the compression behaviour of composites. In recent years, numerous models for the prediction of compressive behaviour of UD composites have been developed by the researchers. But this topic is not yet fully resolved. This is mainly because of numerous factors in¯uencing the behaviour either independently or in unison. Defects are inherent in the manufacture of composites. These defects in¯uence the behaviour of such materials under the applied loading. However, the eects of defects are more signi®cant in compressive behaviour. The diculty in the prediction of the defect size and its modelling has resulted in some amount of empiricism in dierent models. A further complication occurs due to the diculties involved in the determination of true compressive strength experimentally. Results are highly sensitive to the type of test ®xture, support conditions, method of load introduction, specimen geometry, tabbing and alignment of ®xtures during the testing.
For designing with UD composites, a uni®ed view of dierent models and the reliability of the experimental methods and data must be well understood. Even though, in recent literature, dierent prediction models have been presented for the evaluation of compressive behaviour of UD composites, these models have not been compared. These models depend on the misalignment of ®bres which is introduced during the manufacturing process. The magnitude of misalignment may vary from sample to sample. Hence certain empirical factors are introduced in the prediction models. Dierent researchers have compared their models with different set of experimental data. For the eective and con®dent use of these models, they should be compared with the common experimental results. One would like to have the analytical models for the prediction of compressive strength that are easy to use and computationally simple.
Considering the above points, ®rst, a brief literature review of recent analytical models for the prediction of compressive behaviour of UD composites is presented. Then, ®ve analytical models from the literature are identi®ed for evaluation and comparison and a brief discussion on the analytical method is presented. Finally, these models are compared and evaluated with a common set of input data.
Theories and observations
Microbuckling or kinking of ®bres are now understood to be the mechanisms by which UD composites fail under compression. Microbuckling is the buckling of ®bres embedded in matrix foundation. Kinking, on the other hand, is a highly localised ®bre buckling. Kink bands are formed after attainment of the peak compressive load when the region between the ®bre breaks is deformed plastically.
Microbuckling
Numerous researchers have worked on the analytical and numerical aspects of compression behaviour based on the microbuckling approach [1±32]. A schematic diagram indicating microbuckling failure modes is presented in Fig. 1 .
Rosen model [1] is one of the earliest and most quoted work on compression modelling. His analysis was based on microbuckling approach considering the composite to be 2D. He postulated two modes of failure, namely, extension mode in which ®bres buckle out of phase and shear mode in which ®bres buckle in-phase (Fig. 1) . Even though the shear mode predicted lower strength compared to the extension mode, it was also in poor agreement with the experimentally observed strength. Due to the idealistic assumptions, the predicted results were signi®cantly higher than the experimentally observed results.
Greszczuk [6] modi®ed Rosen approach by performing a 3D analysis. His model was in good agreement with his experimental studies on aluminum and steel reinforced epoxy. However, when applied to graphite/epoxy and boron/epoxy composites, it performed poorly. Greszczuk correctly attributed this discrepancy to initial ®bre misalignment, debonding due to Poisson's ratio dierence and matrix non linearity in-herent in actual composites. Steif [10] gave a 2D approach to microbuckling that predicted strength higher than the compressive strength. He attributed this disparity to the constraint provided by the perfect bond assumption.
Numerous researchers have tried to modify the Rosen model to account for the factors pointed out by Greszczuk. Lager and June [5] introduced a factor to match the Rosen's strength prediction to the experimental values. They justi®ed the use of factor to account for the dierence in ®bre spacing between an actual 3D composite and a 2D model. Lo and Chim [20] introduced a semi-empirical factor in their short wavelength microbuckling model to account for the unknown boundary conditions of the microbuckled region. Yeh and Teply [12] introduced an empirical factor in their model for Kevlar/epoxy composite to account for initial misalignment.
Frost [16] proposed a model based on energy method that included both the initial misalignment and nonlinear matrix behaviour. Xu and Reifsnider [27] modelled ®bres as beam resting on elastic foundation. The stiness of the foundation was determined using a theory of elasticity approach. They introduced ®bre-matrix bond condition and matrix slippage in their model that again need to be determined from experimental correlation. Steif [11] also proposed a model with initial misalignment and interfacial shear strength. Waas [22] studied the eect of interphase on compressive strength of a single ®bre layer in an in®nite matrix foundation. He concluded that an interphase greater than 1/10 ®bre diameter thick would reduce the compression stability of UD composites considerably. In contradiction to the accepted belief that initial misalignment reduces the compressive strength considerably, Maewal's [7] study on the initial post buckling behaviour of laminated medium in compression indicated that the initial imperfections are not likely to reduce the microbuckling stress signi®cantly.
Zhang and Latour [29] have used theory of elasticity approach to solve the microbuckling problem and veri®ed it using a ®nite element analysis. They proved that the shear mode is the governing mode for any ®bre volume fraction (V f ) except for V f < 0.05 where the ®-bres behave independently. This is in contradiction to Rosen's and other researchers who have predicted extension mode at low V f . The authors showed that at low V f , the contribution of interfacial normal stress r y in the shear mode and interfacial shear stress s xy in the extension mode cannot be neglected as was done by Rosen and other workers. They attributed the dierence between theory and the experiments to ®bre misalignment, weak interface, void content, matrix non-linearity and free edge eect without considering them in their model.
Tadjbakhsh and Wang [21] have considered the inplane microbuckling of a cross-ply laminate by modelling it as a single phase inhomogeneous continuum. They noted an increase in the buckling resistance due to the adjacent plies. Another related study on microbuckling includes the work by Guynn et al. [17] . They have used a 2D ®nite element analysis to study the eect of non-linear matrix, ®bre waviness and debonds on compressive strength. They have also carried out experimental studies on the above stated parameters [18] .
Kinking
Kinking in polymer composites is a direct consequence of localised plastic microbuckling coupled with low failure strain of the reinforcing material. Kinking phenomenon has been studied by many researchers [33± 55]. A typical kinking failure mode is shown in Fig. 2 . Hahn and Sohi [9] observed a highly localised failure in T300 graphite bundle embedded in epoxy in contrast to less localised failure in glass bundle. They attributed this to the lower failure strain of graphite bundle that pre- vents the microbuckling to spread over the entire length. Wisnom [14] observed a narrow band of large shear deformation of size of the same order as typical kink band width using a non-linear ®nite element analysis for microbuckling. However, the inclination was not observed as in actual composites. He attributed the inclination to the disturbance in shear band geometry due to fracture initiation. Jelf and Fleck [19] superimposed dierent failure modes and found the plastic microbuckling as predicted by Argon's equation [33] to be the predominant mode. Evans and Adler [34] observed kinking as a mode of failure in carbon ®bre composites. They carried out a thermodynamic analysis to account for the observed kink morphologies. The mechanics of kinking was also studied.
Budiansky [37] addressed the kinking mechanism based on perfect plasticity in pure shear. This model was a combination of Rosen [1] and Argon model [33] . He neglected the bending resistance of the ®bres and estimated the kink band width and the range of band inclination. Fleck and Budiansky [40] performed the kinking analysis by smearing ®bres and matrix but retaining the anisotropic nature of the composite. Both the elastic and plastic microbuckling analysis was performed. They also studied the buckle propagation and concluded that only a small compressive stress is required for propagation of the existing microbuckle. In another work [41] , they have inferred that a misalignment near 2°usually occurs in polymeric composites. This was based on correlation between their formula and experimental data picked up from open literature. In this work they have justi®ed the use of rigid ®bre assumption but have pointed its necessity in prediction of kink width, inclination and propagation. Viscoelastic microbuckling was examined by Slaughter and Fleck [44] while Slaughter et al. [45] studied the eect of multiaxial and creep loading on compression failure. Slaughter and Fleck [46] have considered the ®bre bending stiness and random initial ®bre waviness in the kinking analysis. A review presented by Budiansky and Fleck [48] summarises all the aspects of their research in compression kinking analysis.
Steif [38, 39] presented a model that describes the formation of kink bands under compression. He proposed that the kink band is formed when the ®bre breaks due to bending at the necessary points and the region between the breaks deforms as a kink. He determined the strain for the tensile failure of the ®bres and the strain for an un-kinked region to deform in to fully kinked zone. This study indicated higher strain for ®bre failure in bending than that for the kink formation suggesting that the ®bre breakage immediately results in a kink band formation. The strain level was in good agreement with the experimental value. However, the model was unable to explain the phenomena of kink propagation and partially formed kinks observed in testing. Sutclie and Fleck [47] have studied the microbuckle propagation. They modelled in-plane microbuckle as mode II crack and out of plane microbuckle as mode I crack.
Kyriakides et al. [49, 51] performed experiments and numerical study considering ®bre misalignment in conjunction with non-linear shear response of matrix to model kinking process. They illustrated that the failure occurs due to limit load instability leading to localised ®bre bending which results in kink band formation. Chung and Weitsman [50] studied the micro-buckling as well as micro-kinking analysis using analytical technique. They considered misalignment, non-linear shear behaviour of matrix, shear deformation of ®bres and non-uniform ®bre spacing in their model. They concluded that the formation of kink band occurs in the post buckling regime after the compression failure has occurred due to microbuckling. The authors held the displacement control testing condition to be responsible for the post buckling regime which forces the microbuckled shape to transform into a kink band.
Lagoudas and Saleh [42] have presented a model for kinking failure under compression. They have included material properties of both the constituents, macro-geometry (lamina thickness and length) and micro-geometry (®bre volume fraction, ®bre diameter, kink length, kink inclination and kink ply thickness). The model gave conservative results. They have also compared the kinking model with the microbuckling model presented by Lagoudas et al. [15] . The comparison indicated that kinking is the predominant mode for carbon-thermoplastic whereas microbuckling is predominated in boron-epoxy. This analysis and comparison showed that the compressive strength increases with increasing ®bre diameter, ®bre toughness and ®bre volume fraction.
Schapery [52] has used a constitutive theory based on work potential for studying the behaviour of UD composites under compression. He proposed that the kink band is initiated when the local matrix cracking occurs and the axial stress equals or exceeds the critical stress for the ®bre buckling. Further the requirement of matrix cracking serves to de®ne the kink band angle.
Swanson and Jee [56] have studied the eect of hydrostatic stress on the compression strength of carbon/ epoxy composites. Their work is based on the premise that the failure takes place when the strength of the ®-bre-matrix bond is exceeded. They have noted an increase in the compression strength with hydrostatic pressure. Xu and Weitsman [57] used hexagonal arrays for their analysis of compressive response of graphite/ PEEK UD composites. Hsiao and Daniel [58] carried out investigations on the eect of ®bre waviness on stiness and strength reduction of UD composites under compressive loading. Using shear stiness and strength of the composite and the standard deviation of ®bre misalignment in the composite, Barbero [59] presented an analytical formulation for the prediction of compressive strength of UD polymer matrix composites.
Summary of prediction models
The literature shows a considerable amount of work and controversies in the ®eld of compression characterisation of composites. It is understood after this study that microbuckling and kinking goes hand in hand for UD composites with kinking always following ®bre failure due to microbuckling. Even though analytical studies are available, most of them include empirical factors based on experimental correlation. Empiricism is mainly due to the various forms of imperfections in a real composite. The summary of six prediction models are presented below.
Models based on microbuckling
This approach considers the bifurcation buckling analysis of the ®bres. The eect of matrix is modelled as an elastic foundation. Energy principle or elasticity approach gives the critical microbuckling stress of the ®-bres which gives the composite compressive strength. Various models based on this approach are discussed below.
Rosen model
This model is based on the elastic buckling analysis of ®bres embedded in matrix using traditional energy method [1] . Rosen considered two modes of ®bre buckling, namely, extension mode and shear mode. In extension mode, the ®bres are assumed to bend out of phase producing tensile stresses in the matrix. Shear mode, on the other hand, involves buckling of ®bres inphase causing shear stresses in the matrix. The analysis resulted in the following expressions for compressive strength:
The strength predicted by shear mode is less than that by extension mode. However, this mode also over predicts the strength when compared with experimental data. It may be deduced from Eq. (2) that the strength is independent of the type of reinforcement. But experiments on composites made of dierent ®bre materials have shown dierent strengths. Further the model is based on ideal assumptions neglecting the presence of possible imperfections in composites.
Lo±Chim model
Lo and Chim [20] proposed a model that is based on the fact that compression failure takes place by local microbuckling of ®bres as opposed to the buckling of an entire length of the ®bre. Buckling load of a simply supported Timoshenko beam was obtained using energy principle. The solution was extended to the buckled region of an UD composite by introducing a factor a 2 to account for the uncertainty in boundary conditions. The beam properties were replaced by the composite properties (Eq. (3) ).
On the basis of experimental correlation with E-glass/ epoxy data, the ratio laah was determined as 6. After substitution c q 12
where
3.1.3. Xu±Reifsnider model Xu and Reifsnider [27] predicted the compressive strength based on the analysis of microbuckling of a representative volume element using a beam on elastic foundation model. The eect of matrix slippage and ®bre-matrix bond condition was included by two factors, namely, n and g. The stiness of the foundation was determined through an elasticity solution of the foundation model problem. The ®nal expression in terms of the constituent properties and micro-geometrical parameters is given by the following expression:
where n 2sav is the matrix slippage in percentage, g the ®bre matrix bond condition and it varies from 1 to 2 in psi units (if the ®bre is completely separated from matrix on one side, g 1 and if the ®bre is well bonded on both the sides, g 2). In actual composite, 1 T g T 2.
Lagoudas±Tadjbakhsh±Fares model
Lagoudas et al. [15] have presented an approach to microbuckling of ®brous composites by treating the composite to be an inhomogeneous 2D continuum with spatial variation in axial Young's modulus to represent ®bres and matrix. Stability of small perturbation on uniformly applied compressive strain yielded the compressive strength. The upper bound of the solution (®-bres without any imperfections) coincided with the Rosen's solution (Eq. (2)), while the lower bound is given by the following expression:
where Di is the i f À i m , E the eective axial stiness of the lamina and G is the eective longitudinal shear modulus q m a1 À f
Models based on kinking
Kinking essentially is post buckling response of ®bres embedded in the matrix. Argon [33] proposed that the component of interlaminar shear stress due to the presence of misalignment produces kinking. A typical kink band geometry is shown in Fig. 2 . The kink orientation, a is the sum of the initial ®bre misalignment / and the rotation due to the applied load. Models based on kinking analysis are presented below.
Budiansky model
Budiansky [37] uni®ed Rosen and Argon formula for an elastic-ideally plastic composite. The expression as given by Budiansky is
Here G is de®ned as the eective longitudinal shear modulus of the composite, given by right-hand term of Rosen Eq. (2). At / 0, Budiansky formula is same as the Rosen formula and for large values of /, it is asymptotically equal to Argon result. Budiansky and Fleck [41] plotted the results of various researchers as X c vs. G graph for dierent /ac y values. The data fell well below the elastic kinking line ( / 0), and were consistent with their equation for a range of values of /ac y near 4. This corresponded with a misalignment angle in the vicinity of 2°as observed by Yurgartis [60] . Strain hardening of the matrix, assuming Ramberg Osgood relation, did not aect the compressive strength determined using elastic-perfectly plastic assumption [41] .
Lagoudas±Saleh model
Lagoudas and Saleh [42] have proposed a steady state kink propagation model. In this model, the composite is assumed to be of ®nite dimension with kink initiating from the free edge or some other weak point. The difference in the strain energies of an intact strip and a fully kinked strip was equated to the work done in advancing the kink band. Matrix in the kink process zone was assumed to be deforming plastically. Shear lag model was used to determine the strain energy of the fully kinked strip.
Under direct compressive loading, a closed form solution is obtained when all the layers of the laminate are assumed to be damaged. The compressive strength for this case is given by the expression
where d f is the ®bre diameter, r ym the matrix yield stress, g f the ®bre critical energy release rate corresponding to bending and l k Y h k are the kink zone length and angle of rotation.
Evaluation of prediction models
Various models discussed above are compared with the experimental data. Some of the models are based on certain parameters which are not unique for a given material system but depends on numerous factors such as the lay up technique, material defects, bonding etc. The models are thus evaluated and compared to a single set of experimental data picked up from the literature and the most critical combination of the model parameters are then chosen for the ®nal comparison of dierent models. Only E-glass/epoxy and carbon/epoxy (T-300/5208) material systems are considered.
Lo and Chim [20] sorted out UD composite compressive strength experimental data from the open literature. It was observed that there was a wide variation in the reported compressive strength measurements. Variation in ®bre and resin properties, test specimen geometry and preparation technique, instrumentation and testing techniques have led to the variation in compressive strength properties. Hence, the experimental data that they used for comparison with the prediction values were based on the most often reported and referenced compressive strengths.
Compressive strength data for E-glass ®bre composites [20, 61] 
Critical parameters
Rosen extensional and shear mode strength prediction is shown in Figs. 3 and 4 . It is evident that for both the materials considered, the shear mode gives a lower strength prediction than the extensional mode. Thus shear mode is chosen for the comparison of dierent models.
Xu±Reifsnider model utilises two parameters n and g which represent matrix slippage and ®bre±matrix bond condition respectively. g varies from 1 to 2 in fps units. When the ®bre is bonded on both the sides, g is 2; for ®bre bonded only on one side, g is 1. The prediction with this model for dierent values of g indicated that the prediction is not very sensitive to its value in the range of 1.9±2. A value of 1.98 is chosen for the comparison. n, on the other hand, is representative of the extent of matrix slippage which occurs when the interfacial shear stress reaches a certain critical value. The variation of strength with n is shown in Figs. 5 and 6. Prediction with n 0.02 ®ts well with the experimental data for both the E-glass/epoxy and carbon/epoxy composites.
The kink band approach proposed by Budiansky depends on initial ®bre misalignment angle /. The strength is highly sensitive to this parameter. The eect of this parameter is shown in Figs. 7 and 8 . It is noted that with a misalignment angle of 2°the compressive strength predicted by this model is in good agreement with the experimental data.
Comparison of prediction models and conclusions
Figs. 9 and 10 give a comparison of the models discussed previously in Section 4 along with the predictions based on Lo±Chim model and Lagoudas±Tadjbakhsh± Fares model for E-glass/epoxy and carbon/epoxy material system, respectively. Experimental data tabulated by Lo and Chim [20] are also plotted. It may be concluded that both Xu±Reifsnider [27] and Budiansky [37] models predict the compressive strength quite accurately, once the parameter representative of the actual material system is ascertained with a good degree of judgment. Lo±Chim [20] model gives good results as it was correlated with the same set of experimental results for obtaining experimental parameters. However, Rosen shear mode over predicts the strength for both the material systems considered. Lagoudas et al. [15] microbuckling model is equivalent to applying a factor to the Rosen model. This model lowers the Rosen shear mode prediction, however, it is in poor agreement with the experimental data.
